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In Brief

The open-source software,
DECA, provides comprehensive
back-end analysis of HDX-MS
data that addresses the recent
recommendations for HDX-MS
data analysis and presentation. It
provides options for back-ex-
change correction and rigorous
statistical analysis of the signifi-
cance of differences in
exchange.
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e Open source software for comprehensive HDX-MS data analysis.

e Automatic back-exchange correction options.

¢ Rigorous statistical analysis of the significance of uptake differences.

e High quality visualization tools.
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DECA, A Comprehensive, Automatic
Post-processing Program for HDX-MS Data*

Ryan J. Lumpkin and Elizabeth A. Komivest

Amide hydrogen-deuterium exchange mass spectrometry
(HDX-MS) has become widely popular for mapping pro-
tein-ligand interfaces, for understanding protein-protein
interactions, and for discovering dynamic allostery. Sev-
eral platforms are now available which provide large data
sets of amide hydrogen/deuterium exchange mass spec-
trometry (HDX-MS) data. Although many of these plat-
forms provide some down-stream processing, a compre-
hensive software that provides the most commonly used
down-stream processing tools such as automatic back-
exchange correction options, analysis of overlapping pep-
tides, calculations of relative deuterium uptake into re-
gions of the protein after such corrections, rigorous
statistical analysis of the significance of uptake differ-
ences, and generation of high quality figures for data
presentation is not yet available. Here we describe the
Deuterium Exchange Correction and Analysis (DECA)
software package, which provides all these downstream
processing options for data from the most popular mass
spectrometry platforms. The major functions of the soft-
ware are demonstrated on sample data. Molecular &
Cellular Proteomics 18: 2516-2523, 2019. DOI: 10.1074/
mcp.TIR119.001731.

Hydrogen deuterium exchange mass spectrometry (HDX-
MS)" probes protein structure and dynamics by measuring
amide proton exchange. HDX reports on solvent-accessible
surface area, protein-protein interfaces, and allosteric
changes, and the data can be used to constrain docking or
homology modeling (1-4). Our group recently showed that
HDX-MS experiments in which proteins are incubated in a
deuterated solvent for seconds to minutes probe microsec-
ond to millisecond motions in samples (5).

Two caveats limit HDX-MS analysis. First, HDX-MS resolu-
tion is limited to the length of observable peptides. Ap-
proaches to achieve single amino acid resolution with
HDX-MS include using several proteases to increase peptide
overlap (6), ETD fragmentation to better localize deuterons on
each peptide (3, 7), and deconvolution of isotopic envelopes
to extract information from the peptide data itself (8, 9). Sec-
ond, HDX-MS suffers from deuterium back exchange during
sample handling and chromatography. Several methods exist

for the correction of back exchange, a necessary step for
downstream data processing to obtain reproducible numbers
of amides exchanged. Correction for back exchange has pre-
viously been performed using several different methods in-
cluding internal standards or using fully deuterated control
samples to determine the extent of uptake on each peptide (8,
10, 11).

To decongest complex mixtures of biomolecules, it is help-
ful to integrate ion mobility (IMS) and m/z data simultaneously
(12, 13). IMS-integrated HDX-MS uniquely excels in the study
of large, complex protein samples (14, 15). Waters pioneered
IMS as a third dimension of resolution for HDX-MS experi-
ments with the SYNAPT system and the Protein Lynx Global
Server/DynamX software workflow. IMS provides a third in-
dependent piece of information with which to identify each
peptide and markedly improves the accuracy of ion clustering
and assignment of peptides from HDX-MS data (14).

As HDX-MS became more high-throughput, various efforts
to automate aspects of the data analysis became available.
HXExpress, a Microsoft Excel utility, was the first freely-avail-
able semi-automatic data analysis platform (16). This utility
was further developed for deconvoluting overlapped peptide
mass envelopes (17). Several automatic analysis platforms
were developed beginning with The Deuterator and HD Desk-
top, which were further developed into HDX Workbench, a
comprehensive fully automatic program that incorporates
analysis of ETD fragments, isotopic fitting, overlapping pep-
tide segmentation, statistical analysis, and data visualization
(8). During this time, Schriemer’s group developed Hydra (18),
Mayer’s group developed Hexicon (19), and Englander’s
group developed ExMS (9), all of which provide a similar list of
functionalities. Realizing the need for more rigorous back-
exchange correction, Z. Zhang developed MassAnalyzer, a
fully-automated software that generated data in the form of
protection factors (10). Two commercially available software
programs were also developed, HD Examiner by Sierra Ana-
lytics and DynamX by Waters. These two software programs
aptly demonstrate the two cultures that have grown out of the
HDX-MS community; those researchers who desire a fully-
automated platform such as that provided by HD Examiner
and HDX Workbench versus those who wish to have some
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HDX-MS Post-processing Software

automation but with user-controlled examination of the raw
data such as is provided by DynamX. Currently, only HD
Examiner and DynamX allow import of IMS data. Several
software programs also emerged that provided further data
analysis once the initial centroid data was obtained. HDX
Analyzer provides rigorous statistical analysis (20). MEMHDX
(21) and Deuteros (22) allow downstream analysis of HDX
Workbench and DynamX output data, providing further sta-
tistical analyses and data visualization. However, neither
address back exchange analysis, which is missing from
DynamX.

Here we present the Deuterium Exchange Correction and
Analysis (DECA) software package, which was designed as a
simple, rapid backend to DynamX, but can also be used for
other data in .csv format. DECA provides several options for
back exchange correction, resolution-increases by Overlap-
ping Peptide Segmentation (OPS), a rigorous evaluation of the
statistical significance of observed differences, and visualiza-
tion tools. To our knowledge, DECA is the only freely-available
software that provides all these functionalities in a single
platform. In addition, DECA is able to extract detailed ion
mobility, retention time, and deuterium uptake information
from DynamX project files in order to measure the summary
statistics of the ions assigned to each peptide, check the
quality of the data through outlier analysis, and more accu-
rately determine the statistical significance of differences be-
tween protein states than is possible with exported summary
data. For data from other platforms which require back ex-
change correction and/or automatic analysis of overlapping
peptides, DECA can be a helpful backend as well.

Here, we demonstrate the effectiveness of DECA on a
representative HDX data set from DynamX and explain how it
can be used for uptake data output files from other platforms.
DECA is an initial attempt to provide software that will allow
the HDX-MS community to comply with the recently pub-
lished recommendations for performing, interpreting, and re-
porting HDX-MS experimental data. DECA is open-source
with the intent that users will contribute additional functional-
ities and improvements.

MATERIALS AND METHODS

Software Design—DECA was written entirely in Python, and it
implements modules from external libraries for visualization and anal-
ysis. The graphical interface implements the built-in Tkinter frame-
work, and it was initially designed in PAGE, a Python GUI Generator.
DECA performs statistical analysis of imported data by implementing
functions from the Scipy and Statsmodels libraries (23). Curve fitting
in deuterium uptake plots uses a linear regression function from the
Scipy library. Uptake plots, coverage maps and spectra are gener-
ated through functions from the Matplotlib library (24). The retention
time prediction feature implements a function from the Pyteomics
library (25). The Pylnstaller script is used to package all DECA code

" The abbreviations used are: HDX-MS, hydrogen-deuterium ex-
change mass spectrometry; DECA, Deuterium Exchange Correction
and Analysis; OPS, Overlapping Peptide Segmentation.

and python dependences into executable binaries for OSX and Win-
dows (26). The packages used are PSF, BSD, GPL or Apache li-
censed (All free software licenses, with some share-alike copyleft
restrictions). The DECA source-code is compatible with Python 2.7
and Python 3.7, which are freely available and pre-installed on UNIX
operating systems. This source code is executable through the py-
thon environment upon the installation of the external libraries men-
tioned above. The source code and binaries are available at
github.com/komiveslab/DECA.

Data Format— DECA primarily accepts tabular peptide lists of deu-
terium uptake data from CSV files. It was designed to import DynamX
state data, HDXWorkbench data, and a third generic alternative.
Sample data sets of each type are available in the supplementary
information. Between the three data styles, DECA can import most
tabular HDX-MS data with only minor alterations to the data set’s
column headers. For deeper statistical analysis and visualization of
the raw spectra, a “.dnx” DynamX project file can be imported into
DECA.

Data Analysis—Each data set imported is evaluated to identify high
relative standard deviations or errors in peptide mass values, reten-
tion times, and ion mobility values. The statistical significance is
determined for every time point between each protein state in the
data set. If a DynamX project file is imported, DECA interrogates every
ion assigned to each peptide in order to flag outlier ion assignments
and report on the spread of m/z, retention time, and mobility values
for each ion cluster.

Sample Data Set—HDXMS experiments were performed and pub-
lished previously (27). The data set includes peptides of a single
protein, RelA, in two states: the RelA homodimer and the RelA-p50
heterodimer. Deuterium exchange was measured in triplicate at 30 s,
1 min, 2 min, and 5 min. Independent biological replicates of the
triplicate experiment were performed to verify the results. Peptides
were identified using the Protein Lynx Global Server and analyzed in
DynamX 3.0 taking advantage of the ion mobility data. The peptides
were identified from triplicate MSF analyses and data were analyzed
using PLGS 3.0 (Waters Corporation). Peptide masses were identified
using a minimum number of 250 ion counts for low energy peptides
and 50 ion counts for their fragment ions. The peptides identified in
PLGS were then analyzed in DynamX 3.0 (Waters Corporation, Mil-
ford, MA) implementing a score cut-off of 7, the peptide must be
present in at least 2 files, have at least 0.2 products per amino acid,
a maximum MH+ error of 5 ppm, and less than a 5% error in the
retention time. The relative deuterium uptake for each peptide was
calculated by comparing the centroids of the mass envelopes of the
deuterated samples versus the undeuterated controls following pre-
viously published methods (28) and corrected for back-exchange as
previously described (29). The experiments were performed in tripli-
cate, and independent replicates of the triplicate experiment were
performed to verify the results.

Fitting of Deuterium Uptake Plots—A curve-fitting algorithm was
implemented based on a least-squares minimization fit to the double-
exponential functiony = a*(1 — ™) + ¢*(1 — e %" to the HDX
data. Constants a and b reflect the asymptote and rate of uptake by
fast exchange, whereas constant ¢ scales the contribution of uptake
by slow exchange. If the timepoints do not cover the curvature of the
first exponential, the minimization may overfit the data. In such cases,
the first exponential is minimized soO y,—1.,, = 3/4y,—,, Where n is the
lowest non-zero time point, to solve for the value of b that creates a
curve that passes through the point at % of the uptake in V4 of the
exposure of time point n. This curvature adjustment may be modified
in the global settings. Constants a and ¢ are subsequently minimized
with the new b value to create a smooth curve to the first non-zero
time point. Notably, in such scenarios where the data does not cover
both sides of the inflection of the uptake curve, the curve fit does not
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Fic. 1. Example of the DECA Interface. DECA is a Python program built to run on Windows and MacOS. The GUI simplifies import and
analysis of HDX-MS data in multiple formats. Typically, data can be rapidly screened using the Main window (top left) lists open projects, the
data table containing the peptide list and their uptake data for the selected project, and the uptake plot is shown for each selected peptide.

reflect the rate of exchange of the peptide. DECA makes no attempt
to extract the rates of exchange of individual amides from the peptide
uptake curve. Such estimates are usually unreliable.

RESULTS

Graphical User Interface—The DECA interface enables
rapid review and visualization of HDXMS data (Fig. 1). From
the main window, the user can import a data file, which will
display the contents of the file in a spreadsheet and enable
data correction and visualization functions. Deuterium uptake
plots are displayed adjacent to the data table, whereas addi-
tional figures will be displayed in separate windows. Diagnos-
tic messages and errors are printed to a console window that
opens with the main interface.

File Merging—HDX experiments from a single study may be
analyzed separately because of gaps in time between the
experiments, changes to the instrumental setup, or in order to
reduce the computational demand. Because data sets may
contain redundant or complimentary data, DECA may be used
to intelligently merge data sets together by combining data or
renaming proteins/states. Additionally, File Merge may be
implemented either before or after performing back exchange
correction on separate files in order to compare data sets with
different levels of back exchange.

Back Exchange Correction—DECA is designed around
solving the need to perform back exchange correction on
hydrogen-deuterium exchange data before further processing

or visualization. Two distinct forms of back exchange may
influence deuterium uptake. Back exchange can occur from
the quench to the point of sample injection into the mass
spectrometer, and this can vary from peptide to peptide be-
cause of differences in retention time. The most accurate
back exchange correction comes from the use of a fully
deuterated control sample in order to calculate the level of
back exchange for each peptide.

c tion Factor = Uptake;y.
orrection Factor = MaxUptake

o o Uptake
orrection = CorrectionFactor

The second form of back exchange is a systematic time
point-dependent difference resulting from different liquid han-
dling procedures for shorter and longer times of deuterium
exposures. When a LEAP robot is used for sample prepara-
tion, for timepoints shorter than 2 min the mixing syringes skip
a step resulting in a slightly lower back exchange.

(Uptake.o — Uptakey)
UptakemaxD

Correction Factory;, ., =

Correction Factor, -, ., = 1

Uptake

Correction = ~—————F=———
CorrectionFactor;
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Back Exchange Correction is implemented in DECA with two
settings: (1) a global correction factor or a fully-deuterated
exposure correction factor per peptide, and (2) the Long Ex-
posure Adjustment Patch, a set of exposure correction factors
which are applied universally to every peptide in the data set.
These two settings may be used separately or in tandem.
Back exchange corrected data can be saved and reimported
as desired.

Fig. 2 demonstrates the necessity for both forms of back
exchange correction. A perceptible difference of nearly a half
deuteron from the first non-zero time point to the final time
point demonstrates clear time point-dependent back ex-
change. Following global back exchange correction, LEAP
correction values should be obtained from the peptide with
the greatest difference between the maximum observed up-
take, in this case 3.5 Da at 30s, and the uptake at the final time
point (or fully deuterated control). This should correspond to
the peptide with the highest fractional uptake (typically a
spiked-in control peptide or a peptide corresponding to a
completely disordered region of the protein). The correction
factors for timepoints longer than the time point with the
highest exchange will be set to adjust the uptake to the
highest exchange value. The correction factors for each time
point shorter than that with the highest exchange will be set to
keep their ratio to the maximum the same. These correction
factors are then applied to all other peptides.

Generation of Coverage Maps from Back-exchange Cor-
rected Data—At this point, the heat map and uptake plots
representing the complete data set can be rapidly generated
in DECA. We recommend plotting the coverage map of all the
final peptides for which data is analyzed and presented in the
manuscript as also recommended recently by the HDXMS
community (30). DECA provides additional functions allowing
visualization of deuterium uptake, fractional uptake, standard
deviation of uptake, or relative standard deviation of uptake,
for all real peptides in the data set according to sequence
position. The coverage maps reveal the sequence coverage
as well as the redundancy or average number of peptides that
cover each amino acid. Several colormaps are available to
choose from, and the range of the color assignment can be
manipulated to highlight features in the data set.

Generation of Publication-quality Deuterium Uptake Plots
from Back-exchange Corrected Data— A key feature of DECA
is the generation of deuterium uptake plots after back ex-
change correction (Fig. 2). Plots generated by DECA allow
accurate comparison of deuterium uptake for different regions
of a protein sequence, which requires prior correction of back
exchange. The deuterium uptake plots generated by DECA
show the deuterium-uptake for each peptide, with time on the
X axis and deuterium uptake in Da on the y axis with the
maximum corresponding to the maximum possible uptake.
Publication quality deuterium uptake plots generated in DECA
have various features such as automatic plotting of error bars,
plot annotation with the peptide sequence and residue num-
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Fic. 2. Global Back and Exposure Dependent Back Exchange
Effects. A, HDX-MS data is affected by two forms of back exchange
effects. This peptide should be fully exchanging in the state indicated
by the blue line, yet at the longest exposure the uptake is only at
~65% of the maximum uptake. This deficiency is the global back
exchange observed. The greater back exchange at higher exposures
is the result of systematic error introduced by the LEAP sample
handling robot. B, After applying both the back exchange correction
and the correction for systematic error introduced by the LEAP robot,
the plot on the corrected plot is obtained.
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Fic. 3. Overlapping peptide segmentation (OPS). Because of the
partial specificity of “nonspecific” proteases like pepsin, the coverage
resolution may be limited to longer peptide lengths. The resolution
can be mathematically increased through Overlapping Peptide Seg-
mentation (OPS). OPS takes advantage of peptide overlaps such as
those in (A), where two peptides share exactly one terminus in com-
mon. B, shows how OPS uses such pairs to yield new peptides (C).

bers, and options for data symbol types and colors. The data
are most readily visualized by scrolling through the peptides
viewing each uptake plot.

In the data set used as an example here, deuterium uptake
into the RelA homodimer was compared with uptake into the
RelA-p50 heterodimer. We wanted to compare the uptake
into both RelA and p50 as well. These data were collected
months apart and required file merging to present both the
p50 uptake and the RelA uptake in a manner where they could
be directly compared. This process, which took several weeks
to be done manually took only one hour when done with
DECA.

Comparison of Overlapping Peptides for Increased Resolu-
tion of Deuterium Uptake Data—DECA contains a feature

Molecular & Cellular Proteomics 18.12
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TABLE |
Overlapping peptide segmentation (OPS)

Range Uptake range Sequence Uptake
Pep 1 1-16 2-16 GAPVILMSTFYWNQDE 8.78
Pep 2 1-11 2-16 GAPVILMSTFY 6.32
Pep 3 4-16 5-16 VILMSTFYWNQDE 7.89
Pep1-Pep2? 12-16 12-16 WNQDE 8.78-6.32 = 2.46
Pep1-Pep3 1-3 2-4° GAP 8.78-7.89 = 0.89

#The last two table entries are result peptides from the OPS analysis.

PWhen the new peptide contains the N-terminus, the resulting value may be affected by the need to disregard the N-terminal amino acid

which is known to exchange rapidly.

called Overlapping Peptide Segmentation (OPS) which com-
putationally increases the sequence resolution of the data.
HDX-MS is limited by the size of peptides observable on a
mass spectrometer, which usually is in the range of 10-30
amino acids. As a result, HDX data is spread over a large
sequence range such that the uptake values may not always
localize the exchange events effectively. Because of the use
of nonspecific proteases for HDX-MS proteolysis, however,
overlapping peptides are often produced. OPS exploits over-
lapping peptides to assign better-resolved uptake values to
the non-overlapping regions in a manner similar to that pre-
viously described (31) (Fig. 3, Table I). This propagates error,
however, and may lead to a mischaracterization of the data,
so DECA implements this OPS only once per data set. In other
words, the function may not be repeatedly applied to continue
generating overlaps from overlap peptides until there are no
new peptides being generated. HDX-MS analysis programs
such as HDXWorkbench, HDsite and HRHDXMS offer similar
features.

Visualizing Highest Resolution Deuterium Exchange Data—
Heat maps, butterfly plots and pymol scripts for coloring 3D
structures are generated in DECA using the highest resolution
data at each residue by assigning the smallest peptide cov-
ering each amino acid to that position, including the OPS
analysis, if performed (Fig. 4). The visualized data is subse-
quently taken from the assigned peptide at each position.
Heat maps display data in the same format as coverage maps
but with only a single value per residue instead of showing
multiple peptides covering each position (Fig. 5A). Butterfly
plots consist of two line plots for the comparison of two states
(Fig. 5B). OPS can be used to isolate sites of deuterium
uptake and visualize them in these types of plots.

The PyMOL Script function creates a script that can be
imported into PyMOL to easily assign data values to the b
factor of each residue of a protein structure. This script simul-
taneously assigns a color gradient and range to visualize the
differences by replacing the b factor data column (Fig. 5C).
Importantly, this feature implemented in DECA considers the
back-exchange-corrected uptake amounts which is important
for the colors to be comparable across the protein molecule.

Statistical Significance—DECA produces a report on the
consistency and accuracy of ion assignments upon import of

D
[ ¢ |
B [A]

——+—+—

B

——+—+—
B

——+—+—
B_[C]

——+—+—
B_[c Al

I D D D |

FiG. 4. Peptide-to-Residue Assignment. In order to generate one-
dimensional, residue-resolved data needed for heat maps, butterfly
plots, and structure-coloring scripts, residues are assigned the data
from the most representative (smallest) peptide covering that region
of the protein.

a DynamX project file. DECA flags outliers in each ion cluster
and calculates the standard deviation of the m/z, retention
time, and mobility values for every charge state and every
replicate. In the example data sets, assigned ions were within
5% of the mean retention time and mean mobility per peptide.
93-98% of all assigned ions had a search error below 10 ppm.
DECA makes such details accessible through the GUI in
DECA or exported as a spreadsheet. The raw spectra can be
visualized along m/z, retention time, and mobility dimensions
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Fic. 5. Visualizing and Comparing Uptake Data. Several options for the visualization of HDX-MS data are provided in DECA. The full
coverage map including uptake information may be generated, or, through Peptide-to-Residue assignment, the data can be displayed in one
of the three formats shown above. Heat Maps (A), PyMOL coloring (B), and Butterfly Plots (C) can visualize fractional uptake differences

between protein states.

in 2D or 3D plots to evaluate peak overlaps and the complex-
ity of the data set.

DECA can perform a series of tests to evaluate the statistical
significance of differences observed between protein states, for
example with or without ligand. For peptides from more than
two states, DECA performs a Levene’s test to ensure that the
variance between the states is low enough to have confident
results. This test is followed by a one-way ANOVA analysis to
identify the presence of a statistical significance and a Tukey
test on every combination of two states. For peptides with only
two states, a t test is performed. These statistics are presented
in the GUI and can be saved to a spreadsheet. Confidence
intervals are plotted for each protein state with coloring match-
ing the lines in the uptake plots. (Fig. 6).

Data Export—DECA is designed to quickly generate con-
sistent, publication-quality uptake plots that can be edited
as desired by saving the plots in “.svg”, “.pdf”, or “.png” or
“.tiff"formats. These plots can be exported individually or all
at once.

Data merged or processed by back-exchange correction or
peptide recombination may be saved into a comma-sepa-
rated value (CSV) formatted spreadsheet mimicking an import
format. Exported spreadsheets additionally contain informa-
tion about any back-exchange correction performed on the
data set which complies with community recommendations
(28).

DISCUSSION

HDX-MS is a rapidly growing technique, yet back-ex-
change, noisy data, instrumental drift, and poor peptide res-
olution limit the information content of this type of data. Sig-
nificant additions to the HDX-MS workflow over the last
decade include back-exchange correction, analysis of over-
lapping peptides, and extraction of data from isotopic enve-
lopes. Waters’ DynamX uniquely enables the study of high
complexity data sets that otherwise would be limited by spec-
tral overlap through the implementation of ion mobility. Be-
cause IMS enables extension to much larger data sets, an
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Fic. 6. Analysis of Variance Determines Significance. Analysis of Variance tests are implemented in DECA to identify statistically
significant differences between deuterium uptake in each peptide from different protein states. A, Uptake plot for a peptide from two
different states with a deuterium uptake difference of 0.76 Da at 5 min. A t test was used to determine that the difference is significant with
a p value of 2.7 X 1073, B, Confidence intervals can be calculated and plotted in DECA which illustrate the confident difference between

the two states.

automatic downstream data analysis tool is required to not
only ascertain the statistical significance underlying large
data sets but also to prepare back-exchange corrected
uptake plots and PyMOL scripts in a seamless and rapid
manner.

Here we present DECA, a feature-rich data analysis back-
end, that provides many of these functionalities in an open-
source, cross-platform package. Although ion mobility en-
ables the separation of otherwise-overlapping spectra,
automatic processing of large data sets in DynamX can result
in occasional incorrect assignments, and manual correction is
time-consuming and can sometimes leave the incorrect as-
signments undetected. DECA performs statistical evaluation
on DynamX assignments and implements well established
back exchange correction as well as the Long Exposure Ad-
justment Patch, which corrects for systematic time point-de-
pendent differences we have observed when the LEAP robot
is used for sample preparation. DECA enables overlapping
peptide analysis that has been previously implemented to
take advantage of high redundancy and sequence coverage
to generate virtual peptides with higher resolution. DECA can
subsequently export the analyzed, filtered, and corrected data
to a spreadsheet, or it can produce publication-ready visuals,
including 2D and 3D spectra, deuterium uptake plots, cover-
age maps, heat maps, butterfly plots, and pymol scripts from
the back-exchange corrected data.

DECA is developed entirely in Python and compiled into
executable binaries compatible with macOS or Windows. DECA
can also be run directly from the source code on any computer
with Python installed, enabling developers to modify and im-
prove the software. Both the source code and the executable
files are available at https://github.com/komiveslab/DECA.
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